The mechanisms of maintenance of the protein mass of muscle and associated connective tissue and bone are becoming more accessible as a result of the use of a combination of well-established techniques for measurement of protein turnover and measurement of protein expression and phosphorylation state of signalling molecules involved in anabolic and catabolic responses. Amino acids, hormones and physical activity appear to be the major short-term physiological regulators of muscle mass, mainly through their actions on protein synthesis and breakdown, on a time scale of minutes to hours, with duration of changes in gene expression up to weeks. Amino acids are the main components in the diet regulating protein turnover, having marked effects in stimulating muscle protein synthesis and with almost no effect on muscle protein breakdown. Branched-chain amino acids, and in particular leucine, simulate protein synthesis via signalling pathways involving mTOR (mammalian target of rapamycin) in a dose-response manner. Insulin has little effect on protein synthesis in human muscle, but it has a marked inhibitory effect on protein breakdown. The amino acid simulation of anabolism is not dependent on the presence of insulin, IGF-1 (insulin-like growth factor-1) or growth hormone. Exercise not only stimulates protein synthesis in muscle, but also in tendon; and disuse atrophy is accompanied by marked decreases of both muscle and tendon collagen protein synthesis. Bone collagen synthesis appears to be nutritionally regulated by the availability of amino acids, but not lipid or glucose.
Introduction
The machinery of the body, i.e. muscle, tendon, ligament and bone, accounts for the overwhelming amount of proteinbound amino acid in the body, with the collagen in connective tissue alone accounting for approx. 3 kg of body weight. We now have a much better idea concerning the physiological and biochemical regulation of musculoskeletal mass than we did a few years ago as a result of the application of the use of stable isotope tracers to measure protein turnover allied to techniques for measuring gene expression [RT (reverse transcriptase)-PCR and DNA-chip technology] and analysis of intracellular signalling. One of the interesting features of working in whole human beings is the extent to which extrapolations from previous work in animals are not necessarily accurate, and I will point out some of these later.
Obviously, all 20 amino acids are required to make proteins, but remarkably although it is impossible to stimulate human muscle protein synthesis by infusion of non-essential amino acids [3] , administration of a mixture of essential amino acids alone leads to a stimulation of muscle protein synthesis [4] . We later showed that there was a good doseresponse relationship between concentration of essential amino acids and plasma and the degree of stimulation of mixed muscle protein synthesis [5] . This relationship was best for the essential amino acid leucine, one of the branchedchain amino acids (Figure 1 ), and indeed a large dose of leucine alone can stimulate human muscle protein synthesis [6] . Presumably, the effect of stimulation by essential amino acids or a single amino acid such as leucine is dependent on the availability of other amino acids, including non-essential amino acids released into the plasma from proteolysis in other tissues or by entry from the gut.
Accompanying these amino acid-stimulated changes in protein synthesis are increases in the phosphorylation (and presumably the activity) of signalling molecules in the PKB (protein kinase B)-P70S6 kinase-mTOR (mammalian target of rapamycin) pathway [7] .
However, the stimulation of muscle protein synthesis by amino acids is not infinite and appears to be time-limited; in other words, there is tachyphylaxis of the process in terms of amino acids supplied [5] . This phenomenon, previously recognized by Joe Millward and given the term 'muscle full', appears to limit the extent to which muscles protein synthesis Data taken from studies described in [5] .
can be stimulated by a single meal on a given occasion. Together with the well-known effects of increased dietary protein in inducing enzymes of amino acid catabolism particularly of the branched-chain and aromatic amino acids [8] , these mechanisms probably explain why it is impossible to build muscle simply by eating more protein.
One feature of human muscle that is different from that in rodents, lagomorphs and fowl is that there appears to be no effect of fibre type on the rates of muscle protein synthesis. In animals, the redder the muscle the faster the rate of protein synthesis, but we can find no biologically significant effect at rest or after feeding of fibre proportions in human soleus, triceps or quadriceps [9] .
The modulation of muscle protein breakdown by amino acids alone is very small in our hands, but any situation in which insulin release is stimulated, for example by glucose in a next meal, will cause an inhibition of protein breakdown (see below).
Anabolic hormones
Although there are occasional reports to the contrary [10] , I think that the balance of evidence suggests that insulin has no stimulatory effect on muscle protein synthesis in adult human muscle [11, 12] , which will come as a surprise to many who work on rodents or who read current textbooks. This is despite the fact that human muscle is stimulated by insulin to increase muscle glucose uptake in the expected way. It seems that the insulin stimulation of protein synthesis may be a phenomenon associated with growth or immaturity, and indeed most studies showing the phenomenon in rats are with animals that are still growing.
The use of octreotide, a somatostatin analogue to inhibit insulin and growth hormone production [and therefore also IGF-1 (insulin-like growth factor) production], demonstrates that the short-term effects of these hormones are unnecessary for the anabolic effects of amino acids [7] . This adds to previous work carried out in the 1990s demonstrating that human growth hormone has no anabolic effect in human muscle [13] . However, recent evidence suggests that growth hormone does stimulate collagen mRNA production in human muscle and tendon, suggesting that, as might be expected from clinical observations in acromegaly, growth hormone stimulates connective tissue synthesis. There are also marked effects of testosterone and other anabolic steroids on muscle growth, but these effects appear to be within the framework of stimulation of androgen receptor protein synthesis at the transcriptional stage [14] .
There is no doubt, however, that insulin markedly inhibits human muscle protein breakdown. This process seems to be exquisitely sensitive, with most of the inhibition breakdown occurring at plasma levels of insulin between those seen in an overnight fast and after a small meal, i.e. in the range of 0-15 m-units/l [12] .
Although creatinine is used by many power athletes as an aid to increase strength and performance, we have been unable to detect any effects of creatine supplementation in altering the process of protein turnover in muscle at rest and after exercise [15, 16] .
Muscle and tendon collagen synthesis are unresponsive to alterations in nutrient availability [17] , but surprisingly bone collagen synthesis is [18] . We have preliminary evidence that bone collagen production is sensitive to increased availability of amino acids in the same way that muscle is, but is insensitive to increased lipid or insulin availability (M.J. Rennie, G. Becker and K. Smith, unpublished works).
Alterations of physical activity and musculoskeletal protein turnover
It has been known for many years that exercise causes major alterations in whole-body amino acid metabolism, and, although it is not true as Liebig [18a] suggested that muscle burns protein as a major fuel, there are marked increases in the oxidation of amino acids as a result of exercise, with the branched chain amino acids showing linear increase in their oxidation with energy expenditure [19, 20] . Studies on whole-body exercise suggested that muscle protein synthesis was probably decreased during exercise and muscle breakdown was elevated, and later studies in animals suggested that this might be related to alteration of the ATP/ADP ratio [21] . Later work has suggested that there is a calcium-induced inhibition of the elongation factor EF-2 which supports this idea [22] .
In the post-exercise period after strenuous exercise, there are marked increases in muscle protein synthesis, with a 2-fold increase apparent within 12-24 h [23] followed by a slow decrease over the next 24-72 h [24] . In less strenuous dynamic exercise (walking, cycling or running at low power outputs) [25] , there appears to be some stimulation of general muscle synthesis but this lasts for a relatively short period of a few hours [26] . In a model preparation of isolated rat muscle, it is possible to show what has been termed a 'muscle switch' by which two different modes of stimulated contraction of muscle (mimicking 'endurance' versus 'resistance' exercise) have different effects on myofibrillar and sarcoplasmic protein synthesis, with the effects of resistance exercise being modulated through increased PKB and TSC2 (tuberous sclerosis complex 2) phosphorylation and those of endurance exercise through AMPK (AMP-activated protein kinase) and inhibition of the signalling effect of TSC2 on mTOR [27] ( Figure 2) .
Possibly during exercise and certainly in the immediate post-exercise period there are marked increases in wholebody and muscle protein breakdown also [19, 28] . When food containing protein and carbohydrate is given in the postexercise period, the increase in protein synthesis is exacerbated and the increase in the protein breakdown is blunted in an insulin-related effect, so that the net affect is a marked increase in the net protein balance of muscle [29] .
Although it is well known that exercising muscle in the lengthening mode (so-called eccentric exercise) is more effective at building muscle mass than exercise in the shortening mode, we have shown that there is only a small advantage of eccentric contraction in stimulating muscle protein synthesis and only for a short period up to 4 h post exercise, so that by 8 h after exercise the effects of the two modes of exercise are identical [30] . Feeding after exercise under these circumstances results in marked and long-lasting increases (up to 24 h) in PKB and p70S6 kinase as well as protein synthesis [31] . Despite the similarity in the responses of protein synthesis, the alterations in gene expression as a result of the two modes of contraction are quite different, the muscles undergoing lengthening (eccentric) exercise showing much more marked increases in proteins associated with the structural apparatus of muscle [32] (Figure 3) .
Neither mode of exercise causes increases in genes associated with production of the machinery for muscle protein synthesis such as ribosomes, reinforcing the idea that the main mechanisms of growth or adaptation to exercise are either via translation of existing mRNA or production of mRNA for previously less abundant proteins. These two processes will be likely to have effects in the short (up to, e.g., 48 h) and longer (days to weeks) terms respectively.
Exercise appears to markedly stimulate collagen synthesis in muscle (presumably in the epi-and peri-mysial regions) and also in the tendon [24] . It may make sense that whereas muscle retains sensitivity to nutrition and contraction, these tissues that are intermittently linked to muscular activity are regulated mainly by contractile activity or its lack.
Disuse leads to atrophy and we have been interested in this topic for over 20 years. In our original observations, we showed that in muscles of individuals who had legs casted for 7 weeks, there was a marked fall in muscle protein synthesis of an extent that made it unlikely that muscle protein breakdown had increased [33] . We have recently looked at a much shorter period of immobilization, namely up to 21 days and made observations halfway through. We have shown that muscle protein synthesis halves in its rate over the first 10 days of immobilization, levelling out thereafter, although there is a continued fall in the rate of loss of muscle mass; in tendon, collagen synthesis declines progressively over 21 days (M.J. Rennie, M. De Boer, M. Narici, K. Smith, A. Selby and P. Atherton, unpublished work). We found very little evidence of any increases in mRNA for catabolic enzymes or increases in enzyme activity during this period, although there is some suggestion in the literature that such increases occur very quickly after immobilization or spinal-cord transection [34] . Nevertheless, it seems unlikely that the processes of muscle atrophy occurring in immobilization are modulated primarily by increases in enzyme activity and protein breakdown.
Conclusion
There is undoubtedly considerably more to be discovered about the regulation of mean body mass and the effects of use and disuse, sex differences, aging and major diseases such as cancer. One of the important lessons of recent work is the integration of the responses between muscle and connective tissue, which might lead us to suggest that bone is likely to be a tissue with major responsiveness to physical activity.
